ABSTRACT
INTRODUCTION
A common approach to the 'genotyping' of sequence substitutions in DNA is the use of oligonucleotide binding assays (1, 2 ).
An oligonucleotide with perfect base pairing remains annealed to its cognate single-stranded target at a higher temperature than will occur if there is imperfect base pairing, such as a one base mismatch. The use of a stringent wash at a predetermined temperature in a defined ionic milieu enables demonstration of perfect base pairing. Traditional techniques observe the bound fraction of oligonucleotide and are commonly configured in a format which is convenient only for a single temperature 'snapshot' of the melting profile. In addition, it becomes necessary in samples of DNA from individuals heterozygous for the sequence change to demonstrate the alternate sequence with a second oligonucleotide representing the variant sequence (3) . These techniques are well-known as allele-specific oligonucleotide (ASO) assays. Typical configurations have included oligonucleotide labelled with 32p at its 5' end, used with target DNA from cloned libraries or PCR reactions, denatured and immobilised on filters by library blotting, Southern blotting of gel bands or spot blotting (4) . Newer approaches have employed affinity capture groups such as biotin incorporated into PCR products and non-isotopic labels and detection systems for the ASO (e.g. 5). The reverse procedure has also been described in which the oligonucleotide(s) is immobilised and the labelled target is hybridised to the oligonucleotide or oligonucleotide array (6) . However, in all of these procedures, the existent formats undertake a wash step at some defined salt and temperature condition, followed by a detection step to observe the fraction still bound. The fraction still bound depends on the conditions used and the affinity of binding. If the results from different wash temperatures are to be observed, sequential wash/detect cycles must be undertaken, which is usually either a laborious process or an impossible process for detection procedures which are destructive to the annealing reaction or its constituents. Two approaches would make it possible easily to gather all of the information of the ASO complete melting profile. First, real-time detection of the fraction still bound during the wash would enable continuous observation of the melting profile: in the future such systems will become available as microsensors on microchips (7) . Alternatively, the collection of the 'freed' component for detection as a series of fractions, or as a continuum, sequentially representing higher stringencies of washing, would achieve the same goal.
In this paper we describe an approach using electrophoresis as the means of separating free from bound oligonucleotide, and temperature as the stringency variable for dissociation of oligonucleotide from its target. Several advantages over traditional ASO methods are considered. We have used this technique for determining profiles of oligonucleotide dissociation and for screening for mutations at a hotspot in the LDL receptor gene in familial hypercholesterolaemia patients.
MATERIALS AND METHODS

Oligonucleotides
Oligonucleotides were from Genosys, Cambridge, UK.
Five oligonucleotides were used. The PCR primers used to amplify a 100 bp sequence at the 3' end of exon The use of biotinylated oligonucleotide for PCR purely reflected availability of oligonucleotide in the laboratory at the time. The selection of oligonucleotides was based on availability in the laboratory for research on a hotspot for mutations in exon 4 of the LDL receptor gene in patients with familial hypercholesterolaemia.
PCR products
A PCR product of 100 bp was prepared from normal human DNA (PCR-N/N) which was a perfect match with SB101, and from heterozygotes for mutations mismatched to the CpG in SB101 reading on the target strand either ...AGT-FlT1CCTCGTCGTCA-GATIT.. (PCR-N/M1, a one base substitution) or ...AGTITl-CCTCCAGATTT... (PCR-N/M2, a two base deletion). All symmetric PCR products were prepared using 20 pl reactions with 20 pl oil in Omniplates on a Hybaid Omnigene, (Hybaid Ltd, Teddington, UK), PCR conditions were as follows: 1 Temporal thermal gradient electrophoresis The electrophoresis buffer was pre-cooled to 10°C. After annealing of oligonucleotide to target was complete, 7 pl of annealing mixture was loaded under TBE buffer into the wells of a 2 mm thick horizontal 20% polyacrylamide gel, and prepared as described (8) . The loaded gel was overlaid with a glass plate, transferred to a carrier rack and lowered into the electrophoresis tank. A stirrer delay of 10 min was used to exclude the risk of turbulence dislodging the samples from the wells at the start ofthe run, although in practice this was prevented by the glass plate cover. During electrophoresis the temperature was raised evenly, for example from 10 to 50°C over 300 min, after a run in of 25 min at 10°C. This ensured that 'never-bound' labelled oligonucleotide would be resolved well in front of the dissociation profile of oligonucleotide from mismatched or perfectly base paired target PCR strands.
Autoradiography
The wet gel, attached to its glass plate as described (8) , was wrapped in 'Clingo-rap', with a dry contact ensured between the 'Clingo-rap' and photographic film. The gel was autoradiographed overnight at -70°C using Kodak Hyperfilm MP with an enhancement screen.
Mark I apparatus A 2 mm thick horizontal 20% polyacrylamide gel (8) , which allows oligonucleotide migration but retards larger PCR target strands near the origin, was used. A very thin plastic electrophoresis tank, to accommodate the glass plate with gel laid directly in its base, minimally covered by buffer, was made to fit on top of the block of a PCR machine, so that the PCR machine could control the temperature of the gel during electrophoresis. A polystyrene block was floated on the buffer to achieve thermal insulation.
Mark H apparatus The design features of this equipment (Fig. 1) are: (i) a deep cuboid tank to accommodate 2 1 of buffer and a rack of 10-20 gels. The tank is of silica glass to withstand thermal stresses; (ii) a plastic impellor to ensure efficient stirring and even temperature at all points in the tank; (iii) an infrared lamp beneath the tank and a black perspex platform in the base of the tank to absorb infrared irradiation, whence heat is transferred into the circulating buffer. This system of heating evades the need for a heating element (which would have to be ceramic coated on account of the electrolyte/electrophoresis) in the tank and has minimal intrinsic thermal mass thus making both small and rapid temperature changes feasible; (iv) a serpent cooling pipe passing through the base of the tank to enable cooling by a cooling recirculator; (v) 
RESULTS
Equipment
The mark I prototype using an electrophoresis apparatus fashioned on the surface of the block of a PCR machine, only enabled an effective gel area of 60 x 80 mm2. Nevertheless, reasonable temperature control was possible with the crude design employed, sufficient to demonstrate that the method was a viable way to display both perfect match and mismatch binding events for a single oligonucleotide (Fig. 2) .
The purpose-built mark II apparatus was capable of accurate, precise temperature control homogeneously throughout a 2 1 electrophoresis tank, to within 0.1-0.2°C of a programmed desired temperature profile. Maximal rate of heat input was 1200 W, maximal rate of heat dissipation was 70 W at 10°C, typical amperometric heating was 10-15 W at 100C, 40-50 W at 400C. The tank has the capacity for 10-20 horizontal polyacrylamide or MADGE gels (8) to be electrophoresed simultaneously, enabling 1000-2000 target oligonuceotide dissociation profiles to be determined simultaneously. An early proof-of-principle of profiling of oligonucleotide dissociation by gel electrophoresis during temporal thermal gradient of the gel. An initial proof-of-principle experiment using a simple adapter enabling the combined use of a PCR block and an electrophoresis power pack for temporal thermal gradient electrophoresis using a horizontal 20% polyacrylamide gel (8) used symmetric PCR product and a high concentration of 32P-labelled oligonucleotide. Although perfect match (N/N) and mismatch (NIM1 and N/M2) binding were demonstrated, signal was weak relative to the excess of never-bound SB101. This reflects the competition between SB101 and equivalent strand of the PCR product (which is in considerable molar excess over SB101). An improved adapter would make this approach feasible for low throughput applications and the experiment also illustrates the reason and rationale for the use of asymmetric PCR in the final approach.
melted at 95 'C. In a standard PCR as the mixture cools during the annealing stage the duplex reforms, with the sense strands in competition with the oligonucleotide for the antisense binding site. As a result, limited binding of oligonucleotide to target was seen using DNA generated by standard PCR (Fig. 2) . In order to minimise competition between oligonucleotide and PCR antisense strands during reannealing, an excess of antisense strands is required. These were generated in an asymmetric PCR by creating a 100-fold depletion of sense primer FH43 relative to antisense primer FH56. The excess antisense strands obligatorily remain as single strands available for oligonucleotide binding.
Antisense:sense primer ratios of 100:1, 10:1, 3:1, 2:1 and 1:1 (standard PCR) were tested using genomic DNA template. Autoradiography confirmed that the 100:1 ratio originally used produced the greatest binding of SB101 to target, but satisfactory binding (i.e. sufficient yield of single-stranded target) was also achieved with ratios down to 3:1. From separate experiments, (data not shown) quantitating asymmetrical PCR single strand yield, we estimated that compared with the amount of oligonucleotide in an annealing reaction, the target was in -10-fold molar excess over the oligonucleotide.
Effect of salt concentration in the annealing reaction. Final concentrations in the annealing mixture of 0.1, 0.5 and 1.0 M NaCl and 1 and 10 mM MgCl2 were compared with a water control. The autoradiograph showed that there was no neverbound oligonucleotide remaining when 0.5 and 1.0 M NaCl or 10 mM MgCl2 were used; all the oligonucleotide bound to the target strands. However there was preferential binding of oligonucleotide to the mutant strand of the heterozygotes, suggesting that the mutant had a higher affinity than the normal strand for the oligonucleotide under these annealing conditions, a paradoxical result because SB101 matches the normal sequence. This problem was addressed later (next section).
Effect of annealing time and temperature on oligonucleotide binding (asymmetric PCRs). A variety of conditions were explored, including presence or absence of initial denaturation steps of 95 or 60°C, different temperatures of annealing [wet ice, room temperature (23°C) and higher temperatures] and different times of annealing. The conditions were as otherwise described in methods, including 10 mM MgCl2 (final concentration).
(i) No denaturation step, annealing on wet ice. Cold conditions resulted in slow annealing, for example 60 min was required to obtain a good level of binding in the presence of 10 mM MgCl2. There still remained substantial amounts of never-bound oligonucleotide.
(ii) No denaturation step, annealing at room temperature (23°C). The autoradiograph showed that binding to the mutant strand of the heterozygote remained constant at all times tested, and complete binding was effected within 5 min. Binding to the normal strand of the heterozygote took 25-30 min to reach the same level as estimated from the intensity of the signal on the autoradiograph.
The reason for the paradoxically faster binding of the oligonucleotide to the mutant sequence is assumed to be due to conformational differences in the two strands; normal and mutant single-stranded DNAs assume different single strand conformation polymorphisms (SSCPs) as a result of minor sequence changes, (see Discussion). Accordingly the next step was to attempt to equalise initial oligonucleotide binding to mutant and normal strands in the heterozygote by preheating the annealing mixture to 95°C for 1 min, followed by annealing at room temperature (23°C) for 30 min in the presence of 10 mM MgCl2.
(iii) 95°C denaturation step, annealing at 23°C. The autoradiograph revealed that this procedure was very successful in improving binding of oligonucleotides to the normal strand of the heterozygote. There was very little never-bound oligonucleotide in the heterozygote track; most was bound to target and reasonably equally distributed between perfect and mismatched target strands. Thus although pre-heating at 95°C had been rejected as unnecessary from the viewpoint of liberating additional antisense target strands from the double-stranded component of the PCR product (see above), it proved to be important to destroy a conformation adopted by normal single strands which tended to exclude oligonucleotide binding. However, we believe that in our first experiments using symmetric PCR, the limited amount of oligonucleotide binding (detectable using 50-fold more labelled oligonucleotide than in subsequent experiments using asymmetrical PCR), may have mainly represented oligonucleotide annealed in a bubble within subsequently reannealed antisense/ sense duplexes. To avoid this additional potential molecular complex when using asymmetric PCRs, denaturation at 60°C, which does not denature duplex PCR products was tried. Figure 4 and were each tested singly against three targets PCR-N/M 1, PCR-N/M2 and PCR-N/N, using the same annealing conditions established for effective binding of SB101.
The autoradiograph (Fig. 4) clearly differentiates the behaviour of SB 101, the perfect match to the normal sequence, and SB 102, which differs from normal by one base. SB101 is released from the M2 strand of the heterozygote before its release from M1 because it differs by one base from Ml, and by two bases from M2, (estimated temperature of release from M2 is 28°C and from Ml is 31°C). SB102 is released from the N strand earlier than SB 101 (estimated temperature of SB 102 release from N is 31°C and of SB101 from N is 45°C). SB101 matches N, SB102 has a one base difference to the normal sequence. FH43 is the sense strand primer used in the PCR but here is used as an ASO, binding to its complementary sequence on the antisense target generated in excess. It has a Td greater than SB 101 and SB 102 [owing to its higher %(G+C) content] and is released later but simultaneously from the same sequence on the M and N strands (estimated temperature of FH43 release from M and N strands is 50°C). This oligonucleotide was not included to detect mutations but as a demonstration of oligonucleotide dissociation from a second site on the target. FH153 matches MI, which represents the D206E mutation in exon 4 of the LDL receptor gene (12) . FH153 is released from the M2 strand first, which has a 2 bp deletion at the recognition site (10) and so has the greatest mismatch to the oligonucleotide (estimated temperature of release is 25.5°C). Binding ofSB101 and FH43 to the same MI and N targets. The pairs ofoligonucleotides were pre-mixed so that on addition to the annealing mixture they were both at the same fmal concentration as the single oligonucleotides. The object of this trial was to determine whether more than one oligonucleotide was resolvable on a single track, thereby improving the throughput for potential mutational screening purposes. Ml heterozygote targets with single oligonucleotides served as markers for the positions of oligonucleotides released from M and N strands. Figure 4 shows the pattern of binding and release of the two oligonucleotides in combination that would be expected from their behaviour as single probes against the targets. FH43 binds to and is released from both targets in the same way, as binding is to the sequence on the antisense target strand complementary to this sense primer, used as an ASO. SB 101 shows earlier release from the mutant strand with the single base mismatch than from the normal strand to which it is perfectly matched.
DISCUSSION
The mark I approach was sufficient to establish proof-of-principle, and although very crude, shows that it would be possible to manufacture a simple 'adapter' electrophoresis tank which could utilise a standard PCR block for variable temperature control and a standard power pack for electrophoresis.
The mark H system described offers a convenient means to visualise the full dissociation profiles of oligonucleotides from targets to which they have either fully or partially base paired. Electrophoresis buffers are usually of low salt concentration, since high salt buffers would result in much slower migration of the sample or would demand much higher current supply and necessitate means to counteract amperometric heating. This conflicts with commonly used conditions for oligonucleotide hybridization, where very high concenutaions of salt are used. The system described here illustrates that it is possible to combine the use of moderate length oligonucleotides with standard electrophoresis buffer, and we have in addition developed an apparatus for achieving a highly precise, programmable temperature variable during the time course of the electrophoresis. Oligonucleotides in the range 18-21mer had melting profiles in lx TBE for match and mismatch binding, falling in the range 15-55°C, which was convenient for the apparatus constructed. Shorter oligonucleotides with mismatches would be expected to display much lower dissociation temperatures which would necessitate much lower annealing temperatures (if possible at all) or much higher salt annealing and electrophoresis buffer: our data (not shown) support this expectation.
Given oligonucleotide bound to target, the method enables the automated collection of the full dissociation profile, with the original variable of temperature represented after analysis as a spatial display on a gel track. This approach has a number of advantages and potential advantages enumerated below.
Advantages of PODGE Visualisation of full melting profile of oligonucleotide. The continuous profile of oligonucleotide melting is determined, in contrast with standard allele-specific oligonucleotide methods which only look at the oligonucleotide still bound in a temperature 'snapshot' of the profile. Thus in a heterozygote, an ASO representing the normal sequence (rather than mutant mismatch) displays three bands/smears in order of decreasing migration: first, the never-bound oligonucleotide migrating as oligonucleotide for the duration ofthe run; secondly, oligonucleotide released at a lower temperature because it has a mismatch with the mutant PCR strands to which it has bound; finally, oligonucleotide released at a higher temperature because it was annealed with perfectly cognate target strands in the PCR product. Nucleic Acids Research, 1995 , Vol. 23, No. 13 2411 Advantage of temporal thermal gradient. A two-dimensional array of gel slots for sample loading is made possible by the temporal thermal gradient, whereas it would not be possible with a spatial thermal gradient.
All-in-one result, no re-synthesis of data. Apart from obtaining sufficient signal, interpretation is not dependent on the concentration of the target strands. This contrasts with ASO analyses on spot blots and gel blots, where a 'grey' signal may be the result either of a perfect match target in low concentration or an imperfect match target in high concentration. In these instances, review ofthe separate results from separate filters is inevitably necessary. The signal representing the full melting profile of the oligonucleotide provides an internal check of the success of the PCR, a separate check is not necessary. We have found that there is usually complete binding of oligonucleotide to PCR product, so that presence of never-bound-oligo signal typically marks a PCR dropout. In a typical asymmetric PCR (with one oligonucleotide reduced 100-fold in concentration) drop-out rate in a 96well plate is -5%. It should be noted that a gel autoradiographed wet can subsequently be stained or undergo a second electrophoresis, for example with a profile in a higher temperature range.
Each gel track represents an independent hybridisation event. The compartmentalization of target and oligonucleotide down an electrophoresis track enables different targets and different oligonucleotides to be analysed on the same run. In effect, each gel slot equates with a separate hybridization bag and each gel track is an axis for display of a complete melting profile.
Multiplex oligo decoration of target is feasible. The spatial resolution and display of both perfect and imperfect oligonucleotide binding in a mixture has high combinatoric potential, for example to ask the question 'does any one of a large number of oligonucleotides decorating a target dissociate at a lower temperature than normal?'. In effect this would be a short track length assay for sequence variation, in contrast with SSCP (13) or heteroduplex analysis (14) which depend on the detection of small mobility shifts. The method represents a different potential approach to sequencing-by-hybridisation (15).
Additional concepts of PODGE which may be of interest (i) Concept of observing the 'freed' rather than the 'bound'. This is the first allele-specific oligonucleotide method, to our knowledge, to look at the freed as well as, or rather than, the bound.
(ii) Target could also be labelled. It An altemative to the electrophoretic approach described here would be to use a capture method (e.g. biotin/streptavidin) to trap the target strand, for example on a column, then to elute the bound labelled 'interrogation' oligonucleotide using bulk flow in combination with a temperature gradient. A column capture approach would have the advantage that higher salt concentrations (and hence shorter oligonucleotides) could be used than is possible with electrophoresis. The apparent volume of the bands in our gels is high because we are currently using 32P detection on 2 mm thick 20% polyacrylamide gels which have to be autoradiographed wet. However we know that the true bands are much more closely confined, the main spread being that of oligo diffusion which would occur in any system. A bulk flow approach would likely result in dilution of the eluted labelled oligonucleotide, but with sensitive reporter groups and convenient means of fraction collection it would have potential as an alternative to an electrophoresis approach. However, this would demand immobilisation of the target (which PODGE does not) and would lack the convenience of continuous spatially resolved collection of the 'eluate' and of only requiring slots in a gel (e.g. rather than a thermally controllable set of columns and collection devices) to set up.
In summary, we have demonstrated the feasibility ofan approach for determining the complete profiles of dissociation of oligonucleotides (annealed to target strands) by gel electrophoresis using temporal thermal gradient in the buffer immersing the gel during the course of the run. A variety of advantages has been demonstrated over traditional ASO binding assays and some of these are now being utilised in the authors' laboratory for studies of the relationships between human genetic diversity and cardiovascular disease. In particular, the technique has first been applied to the construction of a convenient screening assay selective for mutations at a mutational hotspot in the LDL receptor gene in familial hypercholesterolaemia patients, which has the potential for very high throughput. Oligonucleotides sited at this hotspot have also been used to demonstrate some of the other anticipated advantages of the technique.
Note added in proof
Experience with different PCR targets and oligonucleotides indicates that the method should have widespread applicability. Our main concerns are with the equalisation of competition in heterozygotes for binding of labelled oligonucleotide (limiting in the current format) by target alleles (in excess in the current format) some of which adopt different conformations of different accessibility, and low yields of asymmetric PCR target if longer PCR products are used. However, the use of 100 nucleotide target strands has been generally successful, and with a nonradioisotopic detection system it will be possible to use conditions of binding oligonucleotide in excess to minimise potential temperature below the actual dissociation temperature must be competition between target strand alleles in heterozygotes.
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